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Abstract:    Our knowledge about soil organic matter (SOM) dynamics is limited although this is an important
issue in the study of responses of ecosystems to global climate changes. Twelve sampling plots were set up
every 200 m from 1 700 to 3 900 m along the vertical vegetation gradient along the east slope of Gongga
Mountain. Samples were taken from all 12 plots for SOM content measurement, although only 5 of the 12
plots were subjected to radiocarbon measurements. A radiocarbon isotope method and a time-dependent
model were used to quantify the SOM dynamics and SOM turnover rates along the vertical vegetation
gradient. The results showed that the SOM turnover rate decreased and turnover time increased with soil
depth for all vegetation types. The litter layer turnover rates presented a clear trend along the gradient. The
litter layer turnover rates decreased with an increase in elevation, except that the litter layer turnover rate of
mixed forest was higher than that of evergreen forest. Climatic factors, such as temperature and precipitation,
were the main factors influencing the surface soil carbon dynamics. The turnover rates of the subsoil
(including the A, B, and C horizons in the soil profiles) along the vertical gradient had no clear trends. The
SOM of subalpine shrub and meadow turned over more slowly than that of the forest types in almost all soil
horizons. The characteristic of short roots distributing in the upper part of the soil profile leads to different
SOM dynamics of shrub and meadow compared with the forest types. Coniferous and mixed forests were
susceptible to carbon loss from the young carbon pool, but their long and big roots resulted in high ∆14C
values of the deep soil profiles and increased the input of young carbon to the deep soil. In evergreen forest,
the carbon cumulative ability from the B horizon to the C horizon was weak. The different vegetation types,
together with their different modes of nutrient and carbon intake, may be the mechanism conditioning the
subsoil organic matter dynamics.
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The impact of global climate changes on terrestrial
carbon storage and its feedback has attracted consid-
erable interest in recent years (Sarmiento et al. 1995;
Houghton et al. 1998; Chen et al. 2002a) because of
the close relationship between climate change and ter-
restrial ecosystems. Soil is the largest pool of terres-
trial organic carbon in the biosphere (Jobbagy and Jack-
son 2000). The amount of carbon stored in soils is
approximately twice the amount of carbon in the
atmosphere and is approximately 3-fold that in living
plants (Post et al. 1982; Schlesinger 1990; Wang and
Amundson 1999). The contents and composition of
soil organic matter (SOM) are important soil charac-
teristics and any change in the size of soil carbon pool
could alter the atmospheric CO2 concentration and af-
fect the global carbon balance (Jenkinson et al. 1991;
Trumbore et al. 1996). However, there has been con-
siderable uncertainty regarding SOM dynamics
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(Schlesinger 1990; Oades 1994; Schimel 1995); that
is, what the SOM dynamics along spatial and temporal
scales are and how to quantify the turnover rate of
SOM remain unclear. This restricts the understanding
of global carbon cycling and the response of terrestrial
ecosystems to global climate change (Trumbore 1993;
Torn et al. 1997).
The radioactive isotope of carbon (14C) is a useful
tool for deciphering the dynamics of SOM in different
ecosystems (Balesdent 1987; Scharpenseel et al. 1989;
Trumbore et al. 1989). Atmospheric 14CO2 can be in-
corporated into plants by photosynthesis and into soils
through decomposition processes. The degree to which
the 14C/12C ratio in SOM differs from the vascular plant
matter is often used to calculate a mean residence time
(MRT; Trumbore 1993). Using this method, SOM has
been separated effectively into a series of carbon pools
with the turnover times ranging from 10 yr to millennia
(Harrison et al. 1993; Gaudinski et al. 2000; Neff et
al. 2002). However, the carbon dates should be cor-
rected after the 1950s because the soil surface is prone
to contamination by the nuclear bomb 14C as a result
of thermonuclear bomb testing in the 1950s. This ap-
proximately doubled the amount of 14C in the atmo-
spheric CO2. Tracing this bomb 14C through SOM res-
ervoirs over the past 50 yr provides a means of deter-
mining the size and turnover time of fast-cycling SOM
pools (Balesdent 1987; Townsend et al. 1995;
Trumbore et al. 1996).
The Tibetan Plateau, the third pole of the earth, is
one of the regions in the world that has suffered the
least human disturbance. Great uplift of the plateau since
the Late Cenozoic has strongly affected the physical
environment of the plateau itself and its neighboring
regions (Pei et al. 2004). Meanwhile, the plateau is also
a sensitive trigger of climate change for the Asian mon-
soon region, which is one of the most important criti-
cal regions for global climate change (Zheng and Zhu
2000). Abundant vegetation types on the Tibetan Pla-
teau varied from tropic to frigid and their vertical dis-
tributions were much narrower than their horizontal
distributions, which would lead to strong sensitivities
to global climate change.
The objectives of the present study were to: (i) quan-
tify the below-ground SOM dynamics along the verti-
cal vegetation gradient on the Gongga Mountain on the
Tibetan Plateau using 14C measurements; and (ii) ana-
lyze the relationship between SOM dynamics and envi-
ronmental factors. We hypothesized that: (i) the turn-
over rate of SOM would decrease along the vertical
vegetation gradient; and (ii) the turnover time of SOM
would decrease from lower to upper parts in the soil
profiles.
1    Materials and Methods
1.1 Site description
Gongga Mountain (29.30–30.30° N, 101.50–
102.25° E), located on the eastern side of the Tibetan
Plateau (Fig. 1), is the main peak of the Daxueshan
Mountains of the East Hengduan Mountain Range and
its highest peak is 7 556 m above sea level. The climate
is warm and humid, strongly impacted by the south-
west monsoon. The study area is along the east slope
of Gongga Mountain with an elevation varying from
approximately 1 000 to 3 900 m over a distance of 30
km. The mean annual temperature declines from 11 to
–1 °C along the elevation gradient (Table 1). The mean
annual rainfall increases with elevation, from approxi-
mately 1 300 mm/yr at lower elevations to over 3 000
mm/yr at higher elevations (Gao and Peng 1993; Table
1). The vertical gradient of Gongga Mountain is a typi-
cal representative of the southeast Tibetan Plateau.
The species composition, richness, structure,
productivity, litter layer, and environmental factors were
Table 1    Mean annual temperature and precipitation on Gongga Mountain
         Elevation (m)
1 700 1 900 2 100 2 300 2 500 2 700 2 900 3 100 3 300 3 500 3 700 3 900
Mean annual temperature (°C) 11.8 10.6 9.4 8.2 7.0 5.8 4.6 3.4 2.2 1.0 −0.2 −1.4
Annual precipitation (mm) 1 093 1 223 1 353 1 483 1 613 1 743 1 873 2 003 2 133 2 263 2 393 2 523
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significantly different among the 5 vegetation types (Luo
et al. 1999, 2000, 2003; Shen et al. 2001; Fig. 2). The
soil textures on Gongga Mountain were generally loose
and ragged, much gravel and sandy neonatal matter
were found in the soil, and the degree of weathering of
minerals in the parent materials was weak, all of which
implied that the soil development of Gongga Mountain
was “young” (Liu 1985). The parent material of soils
varied from hard granite to incompact sandy slope wash
and to glacial till deposits under different climates, veg-
etation types, and rock characters (Liu 1985; Fig. 2).
1.2 Soil sampling
Twelve sampling plots were set up every 200 m from
the secondary forest  at  the lower elevation
(approximately 1 700 m) to the subalpine meadow at a
higher elevation (approximately 3 900 m) in July 2003.
Three soil profiles were excavated at each sampling
plot and samples were taken according to the soil ge-
netic horizon. After being air-dried and removal of the
stones and plant residuals, samples were screened
through a 0.1 mm sieve for measuring SOM content
using the sulfuric acid-potassium dichromate method.
Only samples of five of the 12 sampling plots were
selected for measurement of the SOM 14C radioactiv-
ity because of financial restrictions. The five plots se-
lected were representative of the five vegetation types
and their visible characteristics are given in Table 2. All
5 soils had clear development layers (Table 2). Samples
Fig. 1.    Location of Gongga Mountain.
Fig. 2.    Distribution of the vegetation and soils on Gongga
Mountain.
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for radioactivity measurement were taken from down
to up in the profile to avoid disturbance.
1.3 14C radioactivity of SOM
A sample of every horizon in the soil profile was
taken for radioactivity measurements. After picking out
visible roots and stones, soil samples were dispersed in
distilled water and washed through a 1 mm sieve to
remove rootlets and coarse sand (Chen et al. 2002b).
Samples were treated with 0.1 mol/L HCl to remove
carbonate, rinsed repeatedly with distilled water until
they were neutral, and were then preserved after dry-
ing at 80 °C. Treated samples were put in an airtight
vacuous system to be burnt to CO2. The CO2 produced
was absorbed by ammonia water, converted to stron-
tium carbonate after the addition of strontium chloride,
and was then converted to SrC2 using the Mg method
(Qiu et al. 1990). The SrC2 was hydrolysed to C2H2
and C6H6 was then synthesized under catalysis. The
14C in the C6H6 was measured using a 1 220 Quantulus
ultralow level liquid scintillation spectrometer. All treat-
ment and measurement processes were performed at
the Inst i tute of  Geology,  China Earthquake
Administration. Results are expressed as ∆14C, the de-
viation in parts per thousand of the 14C/12C ratio in the
sample from that of an absolute standard (oxalic acid
decay corrected to 1950; Stuiver and Polach 1977).
∆14C =                   −1 × 1 000           (1)
1.4 Turnover rates of SOM
The 14C radioactivity in the atmosphere was approxi-
mately stable before the start of nuclear bomb testing
(Torn et al. 1997). The atmospheric 14C content in-
creased rapidly because of “bomb 14C” after the early
1950s and the 14C content in the atmosphere reached
its highest level during the period 1963–1964
(Burchuladze et al. 1989; Levin and Kromer 1997;
Levin and Hesshaimer, 2000). After nuclear bomb test-
ing was prohibited, the 14C content of the atmosphere
decreased annually, but, at present, it is still greater
than that before nuclear bomb testing started (Fig. 3;
Table 2    Characteristics and sampling depths of the soil profiles for 14C measurements
Profile
Elevation
Soil type
Parent material Main plant Genetic
Depth of Sampling
(m) of soils species horizon
each horizon depth
(cm) (cm)
Evergreen broad- 2 100 Mountain yellow Granite Cyclobalanopsis Litter 0 – 4 0 – 4
leaved forest brown soil oxyodon A 4 – 9 6 – 8
B 9 – 18 12 – 15
C 18 – 40 27 – 29
Mixed broadleaved- 2 700 Mountain dark Slope wash Tsuga chinensis, Litter 0 – 5 0 – 5
conifer forest brown soil Betula spp. A 5 – 15 9 – 11
B 15 – 25 19 – 21
C 25 – 33 – 36
Dark coniferous forest 3 100 Dark brown forest Slope wash Abies fabri Litter 0 – 4 0 – 4
soil A 4 – 10 6 – 8
B 10 – 22 15 – 17
C 22 – 33 – 36
Subalpine shrub 3 700 Subalpine podsol Slope wash and Rhododendron Litter 0 – 4 0 – 4
glacial till agglutinutum A 5 – 9 6 – 7
B 10 – 23 5 – 18
C 23 – 32 – 35
Subalpine meadow 3 900 Subalpine meadow Glacial till Kobresia Litter No data No data
soil cumeata A 0 – 10 4 – 6
B 10 – 22 15 – 17
C 22 – 31 – 34
14C
12C
14C
12C
sample
standard
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Wang and Amundson 1999). According to the defini-
tion of ∆14C (equntion 1), if the ∆14C values of samples
are greater than zero, this indicates that the samples
have significant amounts of bomb 14C (Trumbore et
al. 1996; Trumbore and Harden 1997; Richter et al.
1999). If the ∆14C values are negative, this indicates
that, on average, the carbon has resided in the soil long
enough to reflect radioactive decay of cosmogenic 14C
(Trumbore et al. 1996).
It is impossible to give 14C ages for samples with
∆14C values greater than zero only using the definition
of ∆14C. Thus, in the present study, we used the
Cherkinsky and Brovkin (1993) model to reconstruct
the processes of SOM 14C. It is expressed as:
=                                (2)
C14t  = C14t−1  – (k+λ) C14t−1 + k C'14t               (3)
where  C141955  is the 14C radioactivity in 1955, C14t  is the
14C radioactivity in the year of sampling (t >1955),
C14t−1  is the 14C radioactivity in year (t–1), C'14t  is the 14C
radioactivity in the atmosphere in year t, C14standard  is the
14C radioactivity of the modern carbon standard, λ is
the 14C decay constant (1/8 267 per year), k is the
SOM turnover rate, and the SOM turnover time is k–1.
The model describes three processes (equation 3) de-
termining the SOM 14C contents: (i) 14C incorporation
from the atmosphere; (ii) 14C release by SOM decay;
and (iii) spontaneous fission of 14C. The atmospheric
radioactivity of every simulated year is obtained from
published references (Burchuladze et al. 1989; Levin
and Kromer 1997; Levin and Hesshaimer 2000). The
14C radioactivity of the upper part of each soil profile is
susceptible to the 14C of the atmosphere and is consid-
ered to be equal to the 14C radioactivity in the atmo-
sphere before nuclear bomb testing (i.e. t < 1956). In
addition, the 14C radioactivity of the atmosphere be-
fore testing was stable, so the SOM 14C in year t is
close to that in year (t–1); that is, C14t  = C14t−1. If the
industrial effect (Suess 1955) is neglected, the 14C ra-
dioactivity in the atmosphere in 1955 was close to the
14C radioactivity of the modern carbon standard
(C14standard) and then equntion 2 can be inferred from
equntion 3 (Chen et al. 2002b).
During the simulation, one value of k was selected
first, and C141955  was calculated using equntion 2. Then,
C141955   and k were put into equntion 3 and the SOM
∆14C radioactivity in the sampling year (2003) was
obtained by iterative calculation. The k value was ad-
justed until the calculated value of  C142003  was close to
the measured value. Putting the final k into equntion 2
and combining this with the definition of ∆14C (equation
1), we can calculate the turnover rates of the samples
with ∆14C less zero using the following formula (Chen
et al. 2002b):
k = −λ (            +1)                      (4)
2    Results and Discussion
2.1    The SOM content along the vertical gradient
The SOM content of litter layers increased with
elevation. The SOM content of A horizons also increased
with elevation, except that there were two peaks at
2 700 and 3 500 m (Fig. 4). Wang (1994) had studied
the forest SOM content at 1 400, 1 900, 2 500, 2 700,
and 3 100 m on the Gongga Mountain. The results of
the present study, namely that the SOM content of lit-
ter layers and the A horizon increased with elevation,
Fig. 3.     ∆14C values of the atmosphere (data taken from
Burchuladze et al. (1989), Levin and Kromer (1997), and
Levin and Hesshaimer (2000)).
C141955
C14standard
k
k+λ
1 000
∆14C
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are identical to those of Wang (1994). The SOM con-
tent of the B and C horizons in the present study had
no clear trends according to elevation.
The litter layer and the A horizon were the upper
part of the soil profile; thus, they were prone to be
impacted on by climatic factors, such as temperature
and precipitation. The highest values of SOM for the A
horizon were at 2 700 and 3 300 m, which indicated
that the transition zones had different ecological char-
acteristics compared with other vegetation types (Wang
et al. 2004). The B and C horizons were the deeper
part of the soil profile. The SOM content of these
samples was impacted less by climate than by soil tex-
ture and soil parent materials. Therefore, the B and C
horizons had no clear trends according to elevation.
2.2 Distribution of ∆14C values in soil profiles
The distribution pattern of ∆14C values in soil pro-
files was identical for all five vegetation types (Fig. 5);
that is, ∆14C values decreased with increasing soil depth.
The ∆14C value of the litter layer was lower than that
of the A horizon, despite the litter layer being laid above
the A horizon. We know that the ∆14C values of the
atmosphere decreased after nuclear bomb testing had
been banned (Fig. 3), so the ∆14C values of SOM should
decrease with decreasing atmospheric ∆14C values, in
spite of the time lag, because the soil was derived from
plants  that  incorporated the  14CO 2 through
photosynthesis. The ∆14C value of the litter layer was
the closest to that of the contemporary atmosphere,
whereas the ∆14C value of the A horizon was higher
than that of the litter layer because it incorporated more
“old” carbon with high ∆14C values than the litter layer.
The ∆14C values of both the litter layer and the A
horizon were greater than zero and greater than that of
the atmosphere (∆14C = 85.7‰), which indicated that
samples of both the litter layer and the A horizon were
impacted on by the nuclear tests and had a time lag
compared with the atmosphere; plants were not incor-
porated into the soil during the same year, but after
many years.
The ∆14C values of the B and C horizons in all for-
est types, except the evergreen forest, were negative,
suggesting that, on average, the carbon has resided in
the soil long enough to reflect radioactive decay of cos-
mogenic 14C.
2.3 ∆14C values of every horizon along the ver-
tical vegetation gradient
The ∆14C value of the litter layer increased with
elevation, whereas that of the A, B, and C horizons had
no clear trends (Fig. 6).
The ∆14C values of litter layers for all vegetation
types were greater than zero (Fig. 4), which indicates
that the litter layer was impacted on by the bomb carbon.
The ∆14C values of the litter layer increased with
elevation, suggesting that the litter was decomposed
more slowly along an increasing elevation gradient. The
litter layer of the subalpine shrub had the highest ∆14C
Fig. 4.    Soil organic matter (SOM) content of every hori-
zon according to elevation. A, B, C, SOM content of A, B
and C horizon, respectively.
Fig. 5.    ∆14C values in the soil profiles for the 5 main
vegetation types.
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value and decomposed most slowly because this type
of vegetation retains more “old” carbon. The climate
of the subalpine shrub was cooler and more humid
(Table 1), which is not helpful for microbial
decomposition, so plant debris were retained in the soils
and the ∆14C value of the soils was high. Climatic
factors, such as temperature and precipitation, were
important factors influencing the carbon dynamics of
the litter layers.
In general, the SOM turnover rate decreased with
increasing elevation (Trumbore et al. 1996). The litter
layer ∆14C value of evergreen forests at lower eleva-
tions was higher than that of mixed forests at higher
elevations in the present study. Some moss appeared
in the mixed forest because of the lower temperature
and higher precipitation compared with the evergreen
forest (Table 1). While sampling, we removed visible
large plants, such as ferns, large leaves, etc. It was
hard to separate the moss entirely from the withered
branches and leaves to which it clung. The moss was
generally newly come out and had ∆14C values close to
those of the atmosphere in the same year. It may be
the moss that made the ∆14C value of the litter layer of
mixed forest lower than that of the evergreen forest.
The ∆14C values of the A, B, and C horizons had no
clear trends according to elevation. The relatively en-
riched 14C in the A horizon of mixed forest was partly
due to the fact that the sampling depth here was deeper
than for its counterparts (Table 2; Fig. 6), which led to
the incorporation of “old” carbon. The evergreen for-
est had the lowest ∆14C value in the C horizon, which
indicated that it was mainly made of parent material
with much “old” carbon. This was partly because it is
the foremost part in the uplift course of the mountain.
The ∆14C value of the B horizon in the evergreen
forest was much higher than that of the others (Fig.
6), whereas the ∆14C value of the C horizon in the
evergreen forest was significantly lower than its
counterparts. This indicates that the SOM of the ever-
green forest had a different turnover pattern: the SOM
turnover rate of the B horizon was quick, but that of
the C horizon was much slower compared with other
forest types. The SOM imported and accumulated from
the B horizon was little, although the B horizon had a
fast cycling rate. Much carbon maybe lost to the at-
mosphere in the form of CO2 or was washed to the
lower part.
The ∆14C of coniferous and mixed forests in the
upper soil horizons (the upper 15 cm depth interval)
was lower than that of subalpine shrub and subalpine
meadow, suggesting a preferential loss of C from
younger carbon pools. However, organic matter in sub-
soil horizons (from 10 to 40 cm) of the coniferous and
mixed forests was relatively enriched in 14C compared
with that of shrub and meadow, which suggests an
increased input of carbon in these soil horizons. This
interpretation is supported by field observations of root
distributions in these soils. The roots of the shrub and
meadow are abundant in the shallow horizons and the
density of roots drops markedly below a depth of 20
cm. In the coniferous and mixed forests, there were
roots in the shallow horizons too, but they were basi-
cally the roots of understory plants, such as some
shrubs, liana, and grass. The roots of coniferous and
mixed forests were bigger and longer, and could ex-
tend to the deeper soils, which would contribute to the
high ∆14C value in the deeper horizons. The coniferous
and mixed forests were susceptible to carbon loss from
the younger carbon pool, but their ability to accumu-
late carbon from the upper part to the deeper part was
stronger than that of the evergreen forest. The differ-
ent vegetation types, with different modes of nutrient
and carbon intake, result in different carbon dynamics
Fig. 6.    ∆14C values of every horizon according to elevation.
A, B, C, ∆14C values of A, B and C horizon.
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of the subsoil in the profiles investigated.
2.3    Turnover rates and turnover time along the
vertical vegetation gradient
Using the Cherkinsky and Brovkin model described
above, it was found that turnover rates decreased with
soil depth and turnover time increased with soil depth
(Table 3). These results are identical to the general re-
search and our above hypothesis that the upper part of
the soil profile cycles more quickly than the lower part.
The turnover time of the surface litter layer (the upper
5 cm depth) was between 5 and 13 yr, whereas that of
A horizon was 10–30 yr, that of the B horizon was 100
– 600 yr, and that of the C horizon was more than
1 000 yr.
Comparing the turnover rate of evergreen forest with
the results of an investigation of the subtropical mon-
soon forest in Dinghushan (Chen et al. 2002b), we
found that the turnover rate of litter in the evergreen
forest in the present study was 0.132 0. This rate is
lower than that reported by Chen et al. (2002b) at the
same depth. It is the climate that has led to the differ-
ences between the two forest types. For example, the
mean annual temperature in the present study was ap-
proximately 11 °C, whereas that in the study of Chen
et al. (2002b) was approximately 21 °C. The turnover
rate of the B horizon was nearly equal in the two studies.
The turnover rate of the C horizon in the present study
was lower than that at the same sampling depth in the
study of Chen et al. (2002b) because our soil profile
was shallower than that in the other study and the soil
in the present study was young compared with the
subtropical monsoon forest in south China.
The samples measured in the present study were
based on bulk soil, so the turnover time and turnover
rate were the mean values of a horizon. Thus, the bulk
soil may be composed of a mixture of soil with low
turnover rates and soil with a high turnover time.
However, it can be clearly seen in Table 3 that the
Table 4    Comparison of evergreen forest turnover rate on Gongga Mountain in the present tudy with that of a subtropical
monsoon forest in Dinghushan
                         
 Study
Mean annual Mean annual                   Turnover rate (/yr)
temperature precipitation Litter A B C
(°C) (mm) (0 – 3 cm) (6 – 8 cm) (12 – 15 cm) (27 – 29 cm)
Evergreen forest on Gongga Mountain 11 0.000 13 1 353.000 0 0.132 0 0.108 0 0.010 0
Subtropical monsoon forest in South China* 21 1 927.000 00 0.401 6 0.125 0 0.007 4 0.001 3
*, data from Chen et al. (2002b).
Table 3    Soil organic matter turnover rate and turnover time
Forest type
Evergreen broad- Mixed broadleaved- Dark coniferous Subalpine Subalpine
leaved forest conifer forest forest shrub meadow
Elevation (m) 2 100 2 700 3 100 3 700 3 900
∆14C (‰) Litter 134.5 114.8 148.2 176.1 No data
A 148.7 243.6 171.1 213.9 202.3
B 81.0 – 30.5 – 48.5 – 152.0 – 69.4
C – 481.5 – 103.0 – 186.0 – 158.9 – 192.0
Turnover rate (/yr) Litter 0.132 0.198 0.107 0.077 –
A 0.108 00 0.055 50 0.069 00 0.036 00 0.031 80
B 0.010 00 0.003 85 0.002 24 0.000 67 0.001 62
C 0.000 13 0.001 05 0.000 53 0.000 64 0.000 51
Turnover time (yr) Litter 7.5 5.1 9.3 13.0 –
A 9.3 18.0 14.5 27.8 31.4
B 100 259.7 446.4 1 492.5 617.3
C 7 692.3 952.4 1 886.8 1 562.5 1 960.8
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upper part of the soil profile in the evergreen forest
was dominated by a compartment with a high turnover
rate (i.e. 0.132 for the evergreen forest litter layer) and
that the deeper soil was dominated by a compartment
with a low turnover rate (i.e. 0.000 13 for the ever-
green forest C horizon). The SOM dynamics along the
vertical gradient were more complex than we had first
thought (Table 3; Fig. 6). However, if we analyze our
results, we find that the turnover rates of shrub and
meadow are almost slower than those for forests in
every horizon. This indicates that carbon stays longer
in the shrub and meadow soils than in forest soils.
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